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Abstract: We experimentally demonstrate that the use of a weak seed pulse 
of energy less than 0.4% of the pump results in a spectral energy 
enhancement that spans over 2 octaves and a total energy enhancement of 
more than 3 times for supercontinua generated by millijoule level 
femtosecond pulses in Krypton gas. Strong four-wave mixing of the pump-
seed pulse interacting in the gas is observed. The spectral irradiance 
generated from the seeding process is sufficiently high to use white-light 
continuum as an alternative to conventional tunable sources of radiation for 
applications such as nonlinear optical spectroscopy. 
©2011 Optical Society of America 
OCIS codes: (190.4380) Nonlinear optics, four-wave mixing; (190.4975) Parametric processes; 
(320.6629) Supercontinuum generation; (320.7110) Ultrafast nonlinear optics. 
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1. Introduction 
White-light continuum (WLC) generation, often referred to as supercontinuum (SC) 
generation, has encouraged a great deal of research interest since the first observation of 
spectral broadening in condensed media [1] and ultimately in gases [2]. The physics behind 
these highly nonlinear processes has been studied extensively [3–6] and is still being 
investigated. WLC can, in principle, be utilized in a variety of applications such as remote 
sensing [7] and single-cycle pulse generation [8]. Of specific interest to us, WLC can be used 
for nonlinear spectroscopy, where the high spectral irradiance, ultra-broadband source of 
radiation confined in a single beam can replace conventional tunable sources of radiation such 
as optical parametric generators/amplifiers (OPGs/OPAs). It has been shown that the analysis 
of nonlinear materials by the conventional Z-Scan technique [9,10] using a broadband single-
beam WLC generated in water [11] results in a more rapid characterization of their nonlinear 
optical properties. This rapid characterization technique has been extended to the use of WLC 
generated in a noble gas which yields larger energy output and the ability to characterize 
materials with moderate two-photon absorption cross sections and nonlinear refractive indices 
between 400 - 800 nm [12,13]. Although spectral expansion of the WLC to the mid-IR (4.5 
µm) has been demonstrated using long focal length geometries [14], the inability to generate 
high spectral irradiance, broadband WLC sources in practical laboratory environments has 
limited the ability to use single beam sources of radiation as an alternative to OPGs/OPAs for 
rapid nonlinear optical characterization. 
Spectral extension of the WLC by introducing seed pulses has been demonstrated in 
various condensed media [15–18]. The generation of single frequency, high energy radiation 
in the terahertz regime [19,20] and in the visible [21–23] by pump-seed pulse interactions in 
gases has also been reported. Since WLC generated in gases is not limited by the same energy 
restrictions of optical damage thresholds as condensed media, it is advantageous to use gas 
for high energy WLC generation. 
In this work we present experimental evidence of large energy enhancement and spectral 
broadening of a single filament, WLC source of radiation by using a weak (~μJ) fs seed pulse 
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to stimulate the nonlinearity generated from an intense (~mJ) fs pump beam. For different 
seed wavelengths, we observe strong Stokes and anti-Stokes broadening with spectral energy 
seen as part of the filament. We attribute these findings of energy and spectral enhancement 
in part to the strong four-wave mixing (FWM) interaction between pump and seed pulses in the 
filament and, possibly, to higher order cascaded nonlinearities. 
2. Experimental setup 
The experimental configuration is presented in Fig. 1. A Ti:Sapphire laser system (Clark-
MXR, CPA 2010) producing ~1.4 mJ, ~150 fs (FWHM), 780 nm pulses at a 1 kHz repetition 
rate is used in our WLC studies. The output of the laser system is divided into two pulses by a 
beam splitter. The pump pulse (~0.4 – 0.6 mJ) is temporally delayed on an optical delay line 
and weakly focused into a 1.25 m chamber filled with krypton gas (40 psi) by a 1.5 m plano-
convex lens. The energies used to generate a stable, single-filament, unseeded WLC resulted 
in peak irradiances, I, of ~1012 W/cm2. A 780 nm notch filter was used to block the pump 
from the resultant WLC at the output of the gas chamber. 
 
Fig. 1. Experimental configuration of seeded WLC. 
The seed pulses were generated by pumping an OPG/OPA (TOPAS-800, Light 
Conversion, Ltd.) with ~0.4 mJ of the laser output. The wavelengths of the seed pulses ranged 
from 500 nm to 1300 nm. The seed pulses were focused by a 0.75 m plano-convex lens 
placed before the dichroic mirror and overlapped spatially and temporally with the pump. The 
combination of half-wave plates and polarizers were used to attenuate both the energies of the 
pump and seed pulses. 
The WLC was spectrally analyzed by the use of a set of narrow band-pass interference 
filters ( ± 4 – 8 nm) at 40 - 50 nm increments. In all experiments the seed pulse energy did not 
exceed 1 µJ to ensure that the irradiance of the seed (~109 W/cm2) was much less than that of 
the pump. Such low irradiances for the seed pulses are insufficient to induce filamentation 
from the seed alone. 
3. Results and discussion 
The typical spectra of the seeded and unseeded WLC are shown in Figs. 2(a, b) for a seed 
pulse energy of 1 µJ and pump pulse energy of ~0.4 mJ. The presence of the seed pulse 
results in a dramatic enhancement of the spectral irradiance. Without the seed pulse, the 
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typical WLC spectrum has an integrated energy of ~1250 nJ (area under the black curve of 
Fig. 2a). 
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Fig. 2. Comparison of spectral output energy density of unseeded WLC (closed black squares) 
with seeded WLC (closed red circles) using (a) 600 nm seed and (b) 1300 nm seed of energy 1 
µJ and pump energy of ~0.4 mJ. The dark green vertical line in (a) represents the 600 nm seed 
bandwidth and in (b) the 1300 nm seed bandwidth. The magenta horizontal dotted line denotes 
the typical energy density necessary to perform nonlinear optical characterizations using 
methods such as the WLC Z-Scan. The vertical shaded area in both figures represents 
wavelengths cut off by the 780 nm notch filter. The inset of (a) plotted on a log scale shows the 
spectral extension of the WLC on the Stokes side of the pump frequency, and the inset of (b) 
plotted on a log scale shows modest enhancement and broadening around the 1300 nm seed 
wavelength. 
The stimulation by weak seed pulses of wavelengths within the unseeded WLC results in 
an increase of the total integrated energy to ~5800 nJ (area under the red curve of Fig. 2a), i.e. 
more than 360% enhancement for this seeding wavelength. In the case of WLC Z-Scan, the 
unseeded WLC typically yields a usable wavelength range (denoted by a spectral energy 
density of ≥ 1 nJ / nm) of 400 nm – 800 nm for nonlinear optical characterization. The 
introduction of the weak seed pulse extends the usable range from 300 nm to > 1100 nm (see 
Fig. 2a, inset). At 1000 ± 7 nm (the typical cutoff of our unseeded WLC), we measure the 
largest enhancement utilizing a 650 nm seed resulting in 14.2 ± 0.6 nJ / nm versus ~0.17 nJ / 
nm, i.e. an 83x increase. The enhancement at this particular wavelength can be attributed to 
FWM where λ−1FWM = 2λ−1Pump- λ−1Seed. However, we also see significant enhancement at 
wavelengths not directly associated with FWM. For instance, the 600 nm seeded WLC yields 
nearly 10 nJ / nm output at 532 ± 4 nm compared to 1.5 nJ / nm output for an unseeded WLC, 
resulting in more than 6x enhancement with a seed pulse energy ~0.3% that of the 780 nm 
pump. For seed wavelengths outside of the unseeded WLC spectrum, only modest 
enhancement and spectral broadening around the seed wavelengths are observed as shown in 
Fig. 2b. 
Figure 3 provides the experimental map of the WLC spectrum seeded with different 
wavelengths with the same seed pulse energy (1 µJ). As was stated previously, the largest 
enhancement and spectral broadening occurs for seeding in the visible range. Seed 
wavelengths slightly above and below that of the pump could not be utilized due to the 
limitations of the energy output of the OPA and/or the broad bandwidth of our highly 
reflective dichroic mirror cutting off wavelengths close to that of the pump. Therefore, no 
information could be obtained from the “experimental gap” region in Figs. 3 and 4 (described 
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below). Additionally, the WLC may extend further into the UV region below 300 nm but due 
to the spectral notch filter’s cutoff in the UV this could not be determined. 
 
Fig. 3. Spectral energy density map of the WLC spectra at different seed pulse wavelengths. 
The figure on the right shows the top view of the spectrum and the figure on the left shows the 
side view. The area labeled “experimental gap” represents seed wavelengths that could not be 
utilized due to either the broad reflective bandwidth of the dichroic mirror or insufficient 
energy output of the OPA. The vertical gray dotted line represents unmeasured spectral regions 
that were inaccessible due to the cutoff of the 780 nm notch filter. 
We measured the dependence of the WLC enhancement on the time delay between pump 
and seed pulses as shown in Fig. 4. The output light was collected onto either a silicon or 
germanium photodiode covering a range from ~200 nm to ~1800 nm, respectively. In Fig. 4a 
the irradiance at 532 ± 4 nm is shown for seed wavelengths of 600 nm and 1300 nm. The 
enhancement for each seeded wavelength occurs at the zero delay between the seed and pump 
pulse, which was determined by sum frequency generation on a 1 mm thick Type-I BBO 
crystal. 
 
Fig. 4. (a) Energy within an 8 nm FWHM bandwidth centered at 532 nm using seed pulses at 
600 nm and 1300 nm versus time delay between the pump and seed pulse, and (b) differential 
spectral energy density map of WLC spectrum using a fixed 600 nm seed and recording the 
temporal behavior of the white-light spectrum at different time delays between pump and seed 
pulses. The large shaded area, labeled “experimental gap”, in (b) represents spectral regions 
that could not be measured due to the cutoff of the 780 nm notch filter. The small shaded area 
represents the 600 nm seed bandwidth. 
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For fixed seed wavelengths, the overall behavior of the spectral enhancement has similar 
dynamics as shown in Fig. 4b. The data presented in Fig. 4b is the difference between when 
the pump and seed pulses are temporally overlapped and not, i.e. the enhancement. The 
broadening is seen to follow closely the temporal width of the pump beam. Moreover, the 
peak of the spectral enhancement occurs near zero delay which implies that the stimulated 
generation and energy enhancement occur near the initiation of filamentation for all 
wavelengths. 
Table 1. Output WLC energy density for different seed wavelengths. The unseeded 
output WLC energy density is given in parenthesis for comparison. In the case of “Total 
WLC Energy”, the seed pulse energy (~1 µJ) transmitted in the absence of the pump 
(~0.4 mJ) was subtracted from the total reading. 
Seed 
wavelength (nm) 
WLC Energy Density 
@ 532 nm (nJ / nm)
WLC Energy Density 
@ 1000 nm (nJ / nm)
Total WLC  
Energy (µJ) 
500 3.6 ± 1.2 (1.5) 3.9 ± 0.4 (0.17) 3.1 (1.2) 
550 7.5 ± 2.1 (1.5) 2.3 ± 0.1 (0.17) 2.8 (1.2) 
600 9.5 ± 2.2 (1.5) 7.2 ± 0.9 (0.17) 3.7 (1.2) 
650 6.7 ± 1.2 (1.5) 14.2 ± 0.6 (0.17) 3.8 (1.2) 
710 4.0 ± 0.7 (1.5) 1.1 ± 0.02 (0.17) 1.9 (1.2) 
1150 2.5 ± 0.8 (1.5) 0.9 ± 0.3 (0.17) 1.3 (1.2) 
1200 1.6 ± 0.2 (1.5) 0.3 ± 0.01 (0.17) 1.21 (1.2) 
1240 1.5 ± 0.1 (1.5) 0.2 ± 0.01 (0.17) 1.3 (1.2) 
1300 1.5 ± 0.1 (1.5) 0.17 ± 0.01 (0.17) 1.21 (1.2) 
Table 1 shows the WLC energy densities at 532 ± 4 nm and 1000 ± 7 nm with and without 
the seed (500 nm to 1300 nm). For example, a 500 nm seed yields an energy density at 1000 
nm of 3.9 nJ / nm compared to 0.17 nJ / nm unseeded, i.e. an enhancement of 23. The largest 
enhancement at 532 nm and 1000 nm occurs with seed inputs in the visible spectral range 
with a peak near 600 nm at 532 nm and 650 nm for 1000 nm. Also shown (last column) is the 
overall enhancement of the total WLC energy with different seeds. 
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Fig. 5. Output energy at 532 ± 4 nm as a function of seed pulse energy at 600 nm. The inset 
shows the first four data points of Fig. 5. Enhancement was observed with a seed pulse energy 
less than 10 nJ. An aperture was used to observe the energy confined in the single filament 
WLC as opposed to any possible scattered radiation from the seed-plasma interaction. Note 
that the lowest energy data point in both graphs corresponds to the unseeded WLC. 
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The total seeded WLC output energy is ~3 times greater than that of the unseeded WLC 
for the case of visible seeds reaching a maximum of ~3.2 for a seed of 650 nm. Since the seed 
pulses were kept at ~1 µJ, this implies that the seeding process not only increases the energy 
around the input but stimulates the transfer of energy from the pump into the WLC. Figure 5 
shows the enhancement of the WLC output at 532 ± 4 nm as a function of the seed pulse 
energy. The enhancement is initiated at extremely small energies (~nJ) and saturates above 
~100 nJ. 
While FWM between the pump and visible seed (2ωp-ωs) may help to explain the 
extension of the WLC to longer wavelengths in the near IR, it does not explain the 
remarkable enhancement observed across the visible. Calculations like those of Liu et al. [24] 
simulate the effects of a strong pump pulse on a seed beam, which do not account for the 
dramatic changes that we observe on the pump. For example, the authors of Ref [24]. show 
that the ionization front induced by the pump causes a frequency blue-shift of the seed pulse 
when its maximum irradiance lies at the same position as the ionization front. This may be 
among the effects involved in our experiments, but processes with gain to transfer energy 
from the pump to other wavelengths must be present. 
4. Conclusions 
The spectral energy of the WLC as well as the total WLC energy is enhanced by more than 3 
times by using extraordinarily weak seed pulses in the visible regime having energies less 
than 0.4% that of the pump. These results have significant implications for experiments aimed 
at probing the plasma generated from a pump source [25]. Pump-probe experiments rely on 
the probe not significantly affecting the pump or signal which is obviously violated in our 
experiments. A complete physical explanation of these phenomena awaits simulation; 
however, it is likely that strong four-wave mixing between the pump and seed pulses in the 
filament along with higher order cascaded nonlinearities are the causes. These findings lay the 
groundwork for creating a high spectral irradiance, ultrabroad WLC source that may be used 
as an alternative to conventional tunable sources of radiation for applications such as 
nonlinear optical spectroscopy. 
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